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Open access under the ElA set of generalized Langevin equations has been used to treat the backbone dynamics of a dimerized lat-
tice, where the dimerization is due to a tight-binding electron–phonon coupling term. As example of appli-
cation, we tune themodel parameters to represent a neutral spin 1/2 soliton state in a trans-polyacetylene
oligomer. By numerical integration of the equations of motion, we found a temperature-induced oscillat-
ing electric dipole across the solitonic domain wall. We characterized the dipole frequency, amplitude and
radiated power as function of the heat bath temperature.
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Applications of conjugated polymers in several areas have now
been realized. The basic properties of these systems are of current
interest, especially the issues concerning optical properties [1–3],
microscopic mechanisms of charge [4–6], spin [7] and heat
[8–11] transport, adhesion [12] and conformational changes [13].
As the simplest conjugated molecule, polyacetylene (PA) [14] is a
classical example in which each carbon is r bonded to two neigh-
boring carbons, with one p electron on each carbon. Polyacetylene
presents itself as a semiconducting ﬁlm consisting of ﬁbrils that are
highly cristaline with orthorhombic unit cells [15].
The standard theoretical model containing the essential physics
of a PA molecule is given by the SSH Hamiltonian [16]. It is well
known that this model exhibits a rich variety of nonlinear phenom-
ena and topological excitations [17–19]. In particular, its ground
state is a twofold degenerate Peierls insulator which allows for
the possibility of nonlinear excited states in the form of soliton-like
bond alternation domain walls (soliton-kink, see Figure 1). In other
words, the soliton appears when the double–single bond pattern
changes to single–double bond order. Each soliton is associated
with electronic states at the center of the energy gap. The existence
of these excitations has received experimental support and
explains several peculiar properties of doped PA samples that are
difﬁcult to explain within the conventional semiconductor model
[20–26]. Understanding the properties of these excitations in ther-
malized molecules is of fundamental importance for the science
and technology of conjugated polymers.
Langevin equations with colored noise [27–29,40] have been a
useful tool to perform constant temperature molecular dynamics
[30–32]. In this Letter, we model a one-dimension dimerized
lattice by coupling the SSH Hamiltonian with an inﬁnite set ofsevier OA license.harmonic potentials representing the interaction of the lattice
backbone with a heat bath. The resulting equations of motion are
of Langevin type. By numerical integration of these equations,
we found a temperature-induced oscillating electric dipole across
the domain wall associated with a neutral spin 1/2 soliton state
in a thermalized PA molecule.
In the following sections, the model, details of the simulations
and the results will be presented, as well as the ﬁnal remarks
and conclusions.
2. Model
The model we consider is that of a PA oligomer as a one-dimen-
sional lattice containing N sites (CH groups), each one surrounded
by a large number of independent heat bath particles, coupled to it
by harmonic potentials. The Hamiltonian of the system is then
H ¼
X
n
p2n
2M
þ U þ
X
j
g2j
2mj
þ
X
n;j
jjðqj  unÞ2; ð1Þ
where M is the total mass of the CH group, un is the displacement
operator of the nth site from equilibrium position in the undimer-
ized phase and pn is the corresponding conjugated momentum
operator. qj and gj are the coordinates and momentum operators
of the jth heat bath particle of mass mj, and the spring constant
attaching it to each CH group is jj ¼ mjx2j . To this Hamiltonian
we must append the canonical commutation relations ½un;pm ¼
ihdnm; ½qj; gl ¼ ihdjl, with all other commutators vanishing.
To integrate the equations of motion, we assume that the Born–
Oppenheimer approximation holds and that the CH groups are suf-
ﬁciently massive so that their coordinates and momenta can be
treated as classical variables [33,34]. Likewise, the bath oscillators
are treated classically. Within this approximation, the coordinates
fung move in a effective potential U  Uðfung;WÞ given by a har-
monic term representing the r bonds between nearest neighbors
sites plus the expectation value of the p-electrons Hamiltonian,
Figure 1. PA molecule has two degenerated ground states (A and B phases).
A soliton is a defect in the form of a domain wall between these two phases.
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2
X
n
ðunþ1  unÞ2 þ hWjHpjWi: ð2Þ
Using the creation and annihilation operators, cyn;s and cn;s, for a p
electron on site n with spin s, the electronic Hamiltonian reads
Hp ¼ 
X
n;s
tnþ1;n c
y
nþ1;scn;s þ cyn;scnþ1;s
 
; ð3Þ
where tnþ1;n ¼ t0 þ aðunþ1  unÞ; t0 is the hopping integral for the
undimerized chain and a is the electron–phonon coupling constant.
The corresponding single electron Schrödinger equations are given by
ih _wknsðtÞ ¼ tn;nþ1wk;nþ1;sðtÞ  tn1;nwk;n1;sðtÞ: ð4Þ
where wknsðtÞ is the k single-particle wave-function solution at site n
with spin s.
From the set of Hamilton equations, one gets the equations of
motion for each CH group in the form of a generalized Langevin
equation [35,36]
_unðtÞ ¼ pnðtÞ=M; ð5Þ
_pnðtÞ þ
Z t
0
cðt  sÞpnðsÞdsþ FnðtÞ ¼ fnðtÞ: ð6Þ
For an inﬁnite number of oscillators in the bath, with their frequen-
cies continuously distributed, the memory function reads
cðt  sÞ ¼ 1
M
Z 1
0
f ðxÞjðxÞ cosxðt  sÞdx; ð7Þ
where f ðxÞdx is the number of oscillators whose natural frequency
is between x and xþ dx and jðxÞ is the force constant of the
oscillators whose frequency is x. Because the Hamiltonian (1) is
quadratic in the heat bath oscillators variables, the force fðtÞ is a
colored GAUSSIAN ﬂuctuating force which obeys ﬂuctuation–dissipa-
tion theorem of the second kind
hfnðtÞi ¼ 0; ð8Þ
hfnðtÞfmðsÞi ¼ MkBTdnmcðt  sÞ; ð9Þ
where T is the temperature of the thermostat and
hXi  TrfXeHb=kBTg=TrfeHb=kBTg, with Hb deﬁned as the sum of the
last two term in the right-hand side of (1).
As noted in Ref. [37], for a Lorentzian distribution of bath modes
f ðxÞ ¼ ð2=pÞ 1þx2s2c
 1 ð10Þ
and jðxÞ ¼ C, the memory kernel is given by an exponential
function
cðt  sÞ ¼ C
Msc
ejtsj=sc ; ð11Þ
characterized by an amplitude C and a correlation time sc . If sc ! 0,
the non-Markovian process fðtÞ tends to a GAUSSIAN white noise and
C becomes the dissipation constant in the Markovian limit. If
T > 1K, Eq. (9) ﬁts the exact symmetric correlation of the ﬂuctuat-
ing force operator of the quantum Langevin equation.The force ﬁeld FnðtÞ due to U is given by
FnðtÞ ¼  @U
@un
¼ Frn ðtÞ þ Fpn ðtÞ; ð12Þ
Frn ðtÞ ¼ Kr½2unðtÞ  unþ1ðtÞ  un1ðtÞ; ð13Þ
Fpn ðtÞ ¼  W
@Hp
@un

W
 
¼ aðBn;nþ1  Bn1;n þ c:c:Þ; ð14Þ
where Bn;m ¼
P0
k;sw

knsðtÞwkmsðtÞ.
3. Numerical simulation of a neutral spin 1/2 soliton in PA
oligomer
Eqs. (4)–(6) deﬁne the time evolution of our model. We use as
parameters the commonly accepted values for the PA molecule
[16]: t0 ¼ 2:5 eV; Kr ¼ 21 eV Å2;a ¼ 4:1 eV Å1; a ¼ 1:22 Å, an
optical-phonon frequency xQ ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kr=M
p ¼ 0:25 fs1 and a corre-
sponding energy gap of 2D ¼ 1:4 eV. In order to perform the
dynamics, periodic boundary conditions were considered and an
initial self-consistent zero-temperature equilibrium state, regard-
ing the degrees of freedom of the electrons and the lattice
ðfunð0Þg; fpnð0Þg; fwk;n;sð0ÞgÞ, was prepared solving Frn ð0Þ ¼ Fpn ð0Þ.
In this way, using a ﬁnite length chain as unit cell with an odd
number of sites and electrons, N ¼ Nup þ Ndown ¼ 51þ 50 ¼ 101,
we ﬁnd a zero-charge spin 1/2 soliton located at the center of
the chain with self-consistent calculations [38,39]. This soliton
solution is characterized by a lattice distortion that can be ﬁtted by
unð0Þ ¼ u0 tanh½ðn n0Þ=‘ cosnp; ð15Þ
where u0 ¼ 0:04 Å, n0 ¼ 50;n integer, and ‘ ¼ 8.
The lattice Eqs. (5) and (6) are put in the form suggested in Ref.
[40] and then, solved by the common fourth-order Runge–Kutta
method with a time step Dt ¼ 0:001x1Q ¼ 0:004 fs. The change of
un’s during this interval is always negligibly small compared to
the electronic scale. We used C ¼ xQ and sc ¼ 1 fs. In this way,
the chain reaches the thermal equilibrium at  200 fs (after
5 104 steps). We keep all the above parameters constant and sys-
tematically vary the temperature T from 1 up to 350 K. For each
temperature value we follow the system dynamics from 200 fs
up to 400 fs. To observe the soliton behavior over time, we use
the smoothed bond variable and charge density order parameters
given by
YnðtÞ ¼ ð1Þnð1=4Þ½yn1ðtÞ  2ynðtÞ þ ynþ1ðtÞ; ð16Þ
QnðtÞ ¼ 1 ð1=4Þ½qn1ðtÞ þ 2qnðtÞ þ qnþ1ðtÞ; ð17Þ
where yn ¼ unþ1  un and qnðtÞ ¼ Bn;nðtÞ. These order parameters,
related to the charge density and bond length distributions, allow
the clear visualization of solitons by smoothing the sawtooth
proﬁles.
4. Oscillating dipole
Figure 2 shows Ynð0Þ and Qnð0Þ for the initial solitonic state. As
an example, for T ¼ 100 K and in a time interval between 213 fs
and 216 fs, Figure 2a shows that, while the bond variable is slightly
changed by the presence of thermal phonons in the lattice, the
charge density is no longer equal zero all over the chain. In fact,
it alternates a localized charge concentration across the domain
wall (Figure 2b). Since the total charge is conserved, this charge
concentration creates a molecular electric dipole characterized by
PTðtÞ ¼
XN
n¼1
QnðtÞd; ð18Þ
where d ¼ nau^ and u^ is the unitary vector pointing along the chain
direction. From YnðtÞ and QnðtÞ shown in Figure 3, we can see that
(a)
(b)
Figure 2. Snapshots of YnðtÞ and QnðtÞ at the initial state (dashed line), and at two
different instants after the thermal equilibrium has been reached. (a) While YnðtÞ is
slightly changed by the presence of thermal phonons in the lattice, (b) QnðtÞ
alternates a localized charge concentration across the domain wall.
Figure 3. YnðtÞ and QnðtÞ after the thermalization. (a) The thermal energy within
the system is not enough to destroy the domain wall but, (b) it causes a stable
oscillating electric dipole across the domain wall, with a ﬂuctuating amplitude and
almost constant frequency ( 1=6 fs1). The vertical dotted lines denotes the
snapshots shown in Figure 2.
Figure 4. Fourier transform spectra of the oscillating electric dipole. For T = 1 K, we
found a narrow peak at f0 ¼ 0:157 fs1 (0.65 eV). One can see an increasing
asymmetrical peak broadening as the temperature is increased.
Figure 5. (a) Probability distribution of the dipole moment value jPT ðtÞj. (b) Open
symbol and bars represents, respectively, the numerical calculated mean and
standard deviation of the probability distribution as function of the heat bath
temperature; dotted line l ¼ l0T1=2 (see text).
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within the system is not enough to destroy the domain wall, since
soliton formation energy Es  0:42 eV  kBT [15], but (b) it causes
a stable oscillating electric dipole with ﬂuctuating amplitude and
almost constant frequency.
For a given temperature, we evaluate Eq. (18) for every time
step after t > 200 fs. via Fourier transform we calculated the con-
stituent frequencies of the resulting time series of each calculation,
and the probability distribution of its amplitude jPTðtÞj. For T = 1 K,
we found a narrow peak at f0 ¼ 0:157 fs1 (0.65 eV). As tempera-
ture increases, one ﬁnds an increasing asymmetrical peak broaden-
ing (see Figure 4). For T = 300 K, this peak range from  0:10 fs1
(0.4 eV) up to  0:25 fs1 (1.0 eV). The temperature dependence
of the probability distribution of jPTðtÞj is shown in Figure 5a. These
asymmetrical distributions are well ﬁtted by a log-normal
type function whose mean and standard deviation were found to
be respectively ﬁtted by
l ¼ l0T1=2; ð19Þ
r ¼ r0T1=2 ð20Þwith constants l0 ¼ 1:3 and r0 ¼ 0:9, both in units of 103 eÅ K1/2.
The main contribution for this dipole comes from a charge con-
centration q0, distant approximately ‘ sites from the domain wall
(see Figure 2), that oscillates with frequency f0. Taking this fact into
account, we can simplify the above-described phenomenology as
follows: the heat bath temperature T induces an oscillating electric
dipole across the domain wall given approximately by
PTðtÞ ¼ P0 cosðx0tÞu^; ð21Þ
where
P0 ¼ 2a‘q0  2l ¼ 2l0T1=2 ð22Þ
and
x0 ¼ 2pf0  4xQ : ð23Þ
Note that for T ¼ 300 K, P0 ¼ 0:04 eÅ is a relatively small value
compared with the mean value of the modulus of the electric
dipole of the hydrogen atom, 0.53 eÅ (electronic unit of charge
times the Bohr radius).
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The experimental absorption spectra of trans-PA exhibits an
asymmetrical peak roughly located at 0.7 eV associated with the
midgap transition [41,42]. Our results show an asymmetrical peak
at 0.65 eV but, even if this value is close to that associated with
midgap transitions, the mechanisms involved in the two cases
are quite different. In fact, here we have found that a neutral soli-
ton in a thermalized PA molecule radiates at 0.65 eV. This soliton
infrared signature comes from a temperature-induced electric di-
pole across the domain wall, following in this way the soliton
brownian diffusion [43,44]. The intensity correspondent to this
infrared signature is given by total time-average radiated power.
We can roughly estimate this power as
WðTÞ ¼ x
4
0P
2
0
12p0c3
¼ d0T; ð24Þ
where d0  3:5 (eV/s)/K (5:6 1019 W/K). From Eq. (24), one can
found that 6 1015 solitons at 300 K consumes approximately
1 W from the heat bath.
We estimate the interaction energy of a free electron and the
oscillating dipole, associated with the soliton, in the following
way: Since 2a‘  19 Å	 c=x0  19000 Å, we can consider the
potential of an oscillating perfect dipole
V ¼ P0 cos h
4p0r2
cosx0ðt  r=cÞ x0rc sinx0ðt  r=cÞ
h i
ð25Þ
around the soliton position. For T ¼ 300 K, h ¼ 0 and r ¼ 5 Å, the
interaction energy between a charge e and a neutral soliton is about
0.3 meV.
In summary, the model couples the SSH Hamiltonian with an
inﬁnite number of harmonic oscillators deﬁned by a Lorentzian
distribution of modes. The resulting generalized Langevin equa-
tions are coupled to tight-binding Schrödinger equations. The
latter deﬁne the effective potential that rules the lattice dimeriza-
tion. The presented model predicts an oscillating electric dipole
associated with a neutral spin 1/2 soliton in a PA oligomer. This
dipole converts thermal power into near infrared photons. We
characterized its frequency spectrum, amplitude and radiated
power as function of the heat bath temperature. In special, the
radiated power due to this infrared signature in a given material
should be linearly proportional to the number of neutral spin 1/2
solitons in the material. The presence of this dipole also adds a
new dispersive interaction energy within the material. Finally,
we believe the presented mechanism is new, general and should
be taken into account in a detailed calculation of electronic, optical
and thermal properties of conjugated polymers.
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